Fluorescence lifetime imaging microscopy (FlIM) is now routinely used for dynamic measurements of signaling events inside living cells, including detection of protein-protein interactions. an understanding of the basic physics of fluorescence lifetime measurements is required to use this technique. In this protocol, we describe both the time-correlated single photon counting and the frequency-domain methods for FlIM data acquisition and analysis. We describe calibration of both FlIM systems, and demonstrate how they are used to measure the quenched donor fluorescence lifetime that results from Förster resonance energy transfer (Fret). We then show how the FlIM-Fret methods are used to detect the dimerization of the transcription factor ccaat/enhancer binding protein-a in live mouse pituitary cell nuclei. notably, the factors required for accurate determination and reproducibility of lifetime measurements are described. With either method, the entire protocol including specimen preparation, imaging and data analysis takes ~2 d.
IntroDuctIon
Fluorescence lifetime is the average time that a molecule spends in the excited state before returning to the ground state, typically with the emission of a photon. The fluorescence lifetime of a fluorophore (in the absence of nonradiative processes) is an intrinsic property of the fluorophore, and it carries information regarding events in the probe's local microenvironment that affect the photophysical processes 1, 2 . Fluorescence lifetime was first measured in 1870 from phosphorescence (or delayed fluorescence) 3 . The first nanosecondlifetime measurements using optical microscopy were made in 1959 (ref. 4) . Since then, numerous fluorescence lifetime imaging microscopy (FLIM) methodologies have evolved for various biological and clinical applications 5 (also see Chapter 22 in ref. 1) . As the lifetime of a fluorescent molecule is sensitive to its local microenvironment, cellular responses to events such as changes in temperature, pH and ion (e.g., calcium) concentrations can be measured very accurately using FLIM 6, 7 . For example, FLIM was applied to detect the free (short lifetime) and bound (long lifetime) forms of NADH (a convenient noninvasive fluorescent probe of the metabolic state) 8 , showing promise in cancer research 9 . FLIM was also used to study dental disease through imaging endogenous fluorophores in dental tissues 10 , and multiphoton FLIM tomography (3D lifetime distribution) of human skin was used to distinguish between different types of endogenous fluorophores 11 . In addition, multiphoton multispectral FLIM has the potential to become a valuable technique in stem cell research 12 . The presenilin 1 protein is associated with Alzheimer's disease (AD). FLIM was implemented to investigate different conformational changes of the presenilin 1 protein and the study provided further understanding of the AD diagnosis 13 . FLIM techniques were also applied in plant biology. Eckert et al. 14, 15 used the wide-field single photon counting FLIM technique to investigate the fluorescence dynamics of the chlorophyll dcontaining cyanobacteria Acaryochloris marina.
An important application of FLIM is the measurement of FRET between fluorescent molecules [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] . FRET is the nonradiative transfer of excited-state energy from one molecule (the donor) to another nearby molecule (the acceptor) via a long-range dipoledipole coupling mechanism 28, 29 . As the efficiency of energy transfer from the donor to the acceptor is dependent on the inverse of the sixth power of the distance separating them (see Chapter 13 in ref. 1) , FRET is usually limited to distances less than ~10 nm, and thus provides a sensitive tool for investigating a variety of phenomena that produce changes in molecular proximity [30] [31] [32] [33] . Because energy transfer is a quenching process that depopulates the excited state of the donor fluorophore, the donor fluorescence lifetime is shortened by FRET. FLIM maps the spatial distribution of probe lifetimes inside living cells, and can accurately measure the shorter donor lifetimes that result from FRET 26, 34 . We have previously published a protocol for FLIM measurements using the gated image intensifier 35 . In this current report, we describe in detail the procedures that are necessary to use both a time-domain (TD) FLIM method and a frequency-domain (FD) FLIM method to monitor protein-protein interactions in live specimens based on FRET. These methods are routinely used in our laboratories for a variety of FRET applications 17, 20, 22, 23, 26, 27, 31, [36] [37] [38] [39] [40] [41] [42] [43] [44] . The biological case chosen for demonstration is the dimerization of the transcription factor CCAAT/enhancer binding protein-α (C/EBPα) in live mouse pituitary cell nuclei 20, 45 . Here the live-cell measurements were made using two commercially available FLIM systems-the Becker & Hickl (BH) time-correlated single-photon counting (TCSPC) FLIM system (TD method) and the ISS ALBA FastFLIM system (FD method). It should be noted that we are not comparing the two FLIM methods (see ref. 46 for a comparison), which work equally well in our case. The sole purpose of this report is to provide the basic procedures that are necessary for successful measurements using both methods, allowing the readers to conduct experiments using the FLIM method that is appropriate for their own biological investigations. The methodology described here can be adapted for other commercial one-photon or two-photon FLIM systems.
Investigating protein-protein interactions in living cells using fluorescence lifetime imaging microscopy
Overview of FLIM measurements A typical FLIM experiment involves four steps: (i) calibrate the FLIM system with fluorescence lifetime standards; (ii) acquire FLIM data from biological specimens; (iii) analyze the data to extract lifetime information; and (iv) interpret the analyzed data to illustrate the biological activity or other experimental objectives. For a FRET study using a FLIM system, the second step usually requires the acquisition of FLIM data from specimens that only have donor fluorophores and specimens containing both donor and acceptor fluorophores.
FLIM instrumentation.
The measurement techniques in FLIM are generally subdivided into the TD and the FD methods. The basic physics that underlie the two methods is essentially identical, as both TD and FD are finite Fourier transforms of each other 2 . The TD method uses a pulsed light source synchronized to highspeed detectors and electronics, to measure the fluorescence decay profile at different time windows after each excitation pulse. The fluorescence lifetime is estimated by analyzing the recorded decay profile. The FD method uses a modulated light source to excite a fluorophore, and measures the modulation and phase of the emission signals with a detector modulated at the same frequency as the excitation light (homodyne methods), or a frequency slightly (a few hundred to a few thousands hertz) different from the excitation light (heterodyne methods). In a recent development, called digital FD 47 , the detectors are not modulated in reference to the frequency of the excitation light, thus allowing for the acquisition of the entire fluorescence signal. The fundamental modulation frequency is chosen depending on the lifetime of the fluorophore (MHz for nanosecond decays). The phase shift(s) and amplitude attenuation(s) of the emission signal relative to the excitation source are analyzed to estimate the fluorescence lifetime.
Both TD and FD FLIM techniques are now available for acquiring FLIM images in wide-field 48, 49 or scanning 46, 50 mode, which can provide 3D 51, 52 and even spectral 19, 24, 25, 53 information (also see ref. 26 ). The early FLIM systems were expensive and primarily custom built in biophysics laboratories. In the last 10 years, commercial FLIM systems have become available from companies, including Becker & Hickl (http://www.becker-hickl.de/), Picoquant (http://www.picoquant. com/), ISS (http://www.iss.com/), Intelligent Imaging Innovations (http://www.intelligent-imaging.com/), Lambert Instruments (http:// www.lambert-instruments.com/) and Horiba Scientific (http://www. horiba.com/scientific/). These systems can be stand alone or integrated with existing multiphoton, confocal or wide-field microscopy systems for various life-science applications.
Calibration of a FLIM system. Before any biological imaging, an FLIM system must be calibrated with fluorescence lifetime standards. Many standard fluorophores are available for this purpose 54 (also see Appendix II in ref. 1 and an online source at http://www. iss.com/resources/reference/data_tables). Although the calibration procedures vary depending on the setup of the FLIM system, it is important to use a standard fluorophore, the excitation, emission and fluorescence lifetime properties of which are close to those of the fluorophore to be measured in the intended samples. As the fluorescence lifetime of a fluorophore is sensitive to its environment, it is critical to prepare the standard according to the conditions, such as solvent, pH, temperature and optical configuration, specified in the literature.
FLIM data analysis. An intrinsic fluorescence decay f(t) composed of N (N ≥ 1) fluorescent species is often modeled as a monoexponential (N = 1) or multiexponential (N > 1) time course in equation (1) , where f 0 is the number of total initial photon counts; a n (often termed as the pre-exponential factor) represents the percentage of the initial photon counts from a fluorescent species with its lifetime τ n over the total initial photon counts (f 0 ). For a multiexponential case, the sum of a 1 , a 2, … and a N is usually set as 1, and the apparent lifetime (τ a ) calculated by equation (2) is often used to indicate the mean lifetime of all fluorescent species. Regardless of the FLIM method used, the purpose of the FLIM data analysis is to extract the lifetime components and the associated pre-exponential factors from measured data.
A variety of computer algorithms have been developed for FLIM data analysis 26 (also see Chapters 4 and 5 in ref. 1). Some are associated with specific FLIM data acquisition methods. For example, the rapid lifetime determination algorithm is used to analyze timeresolved images acquired by a gating camera 48, 55 . However, there are a number of strategies used for both TD and FD FLIM data analysis 26 . For instance, the phasor plot (also termed as AB plot 56 or polar plot 57 ), approach that was originally developed for displaying and analyzing FD FLIM data, was recently adapted for TD FLIM data analysis 58 . Some FLIM data analysis strategies vary depending on the particular biological models. For example, the global analysis 59, 60 can significantly improve the signal-to-noise ratio in FLIM images, but the method requires an assumption that identical fluorescence relaxation parameters pertain to the pixels grouped together for fitting, which may not be valid in many experimental systems. Fortunately, the commercial software packages for FLIM data analysis continue to evolve, and have become user-friendly tools that process and display fluorescence lifetimes for each pixel in an image.
Assessment of FLIM results.
Investigating and assessing the accuracy of the fluorescence lifetime measurements acquired from specimens can be challenging. In particular, determining accurate values of all the nanosecond-scale lifetime components from a multiexponential decay (e.g., N > 1 in equation (1)) can be difficult, and most probes will have multiexponential decays inside living systems. Most FLIM data analysis routines involve fitting of the measured data based on a chosen exponential model defined by equation (1) . The goodness of fit is considered as an important factor for making the decision on whether or not to accept FLIM results, and is usually assessed by the calculated standard weighted least squares (termed as χ 2 ) and the residuals, as well as by visually comparing the fitting curve versus the measured data points. The value of χ 2 , indicating a good fit for an appropriate model and a random noise distribution, should be close to 1, as predicted by Poisson statistics with enough data points for fitting (see Chapters 4 and 5 in ref. 1). In theory, fitting can always be improved with more exponents. This raises a question that often confuses the users: should a more complicated model, e.g., from monoexponential to biexponential, be applied? The answer is probably 'yes', if there is a significant drop in χ 2 value or there is a significant improvement in the fit to the data. However, it is usually difficult to define an explicit change in χ 2 that should be considered as a significant drop. One should always be careful when accepting a more complicated model for data analysis, as it is the reproducibility of data for a particular data processing model that is crucial. Most importantly, more photon counts are required to obtain an accurate statistical fit of the lifetime data when resolving more lifetime components.
Interpretation of FLIM-FRET data. As described above, FRET can be identified by measuring the fluorescence lifetimes of the donor in the presence and the absence of the acceptor. A method of quantifying FRET by FLIM is to calculate the energy transfer efficiency (E) based on equation (3) (see Chapter 13 in ref. 1) .
τ DA (the quenched lifetime of the donor) is measured from the specimens containing both the donor and the acceptor, and τ D (the unquenched lifetime of the donor) is usually determined from the donor-alone specimens. In the majority of FRET measurements, estimation of τ DA requires two-component analysis (N = 2 in equation (1)), which yields two species-one with a shorter lifetime τ 1 and the other with a longer lifetime τ 2 . In such a case, one may wonder what should be used as τ DA for E calculation, the shorter lifetime (τ 1 ), the longer lifetime (τ 2 ) or the mean lifetime of the two species (τ a ) given by equation (2) . After careful consideration using the FRET standard constructs as a calibration tool for FRET (described below), we found that using τ a as τ DA provided better estimation of E, particularly when different FRET methods (intensity-based FRET, TD FLIM-FRET and FD FLIM-FRET) are compared. The same method of E calculation was also used by others 61 . The important point to be considered is the reproducibility of the lifetime and E values for both positive and negative controls of the experiments. To interpret FLIM-FRET results analyzed based on a multiexponential model, one should always examine the distributions of each lifetime component and its associated pre-exponential factor obtained from a large amount of data. The fact that the donor lifetime can be influenced by its local microenvironment must also be considered when comparing the lifetime distributions in different regions of a specimen (e.g., nucleus versus cytoplasm of a cell). As the 'acceptor/donor' ratio influences E in many FRET systems, measuring the acceptor level will certainly help to understand FLIM-FRET data, although it is usually not required for determining E in FLIM-FRET (see ANTICIPATED RESULTS).
Advantages of FLIM over steady-state (intensity-based) microscopy imaging. First of all, FLIM does indeed provide intensity information at very high temporal resolution (down to picoseconds (ps)). As the fluorescence lifetime of a fluorophore is sensitive to its environmental changes, FLIM can be a good choice for visualizing those changes that cannot be revealed by steadystate imaging methods, such as calcium binding, change in pH and so on. Fluorescence lifetime measurements are insensitive to the change in fluorophore concentration, excitation intensity or light scattering, and to some extent of photobleaching; all these (3) (3) factors commonly induce false information in intensity-based imaging. FLIM can help to discriminate the intrinsic fluorescence of a specimen, i.e., autofluorescence [62] [63] [64] [65] . The number of fluorophores with different fluorescence lifetimes can be distinguished by FLIM in one imaging channel. As only donor signals are measured for determining E in FLIM-FRET, the method does not usually require the corrections for spectral bleedthrough that are necessary for intensity-based measurements of sensitized emission from the acceptor 22, 30, 33 . The FLIM-FRET approach has the capability to estimate the percentage of the interacting and non-interacting donor populations, which cannot be distinguished by most of the intensity-based FRET methods. For fluorescence polarization and anisotropy measurements, the FLIM anisotropy decay analysis can often help to differentiate between various causes of depolarization, which usually cannot be directly resolved by steady-state anisotropy imaging 66 .
Limitations of FLIM over steady-state (intensity-based) microscopy imaging.
FLIM is preferably applied to live specimens in life sciences applications, as it can be difficult to distinguish the real fluorescence lifetime changes from those caused by the fixative in fixed specimens. Some understanding of the physics of fluorescence lifetime is required for processing the FLIM data and interpretation of the results, particularly for a biological system. For FRET applications, it is important to ensure that the donor fluorophores reside in the same microenvironment in both donor-alone control specimens and specimens containing both donor and acceptor fluorophores, as the fluorescence lifetime of a fluorophore can be affected by its microenvironment. A donor molecule, the intrinsic lifetime of which has multiple components, is not suitable for FLIM-FRET, as it will complicate the data analysis. As technology improves, the FLIM data acquisition time is expected to decrease. Currently, this time varies from seconds to minutes depending on the setup of a FLIM system (particularly the detector and the specimens to be imaged).
Experimental design
FLIM is technically challenging. To be successful, users should have some understanding of the physics of fluorescence lifetime and the FLIM instrument configuration. An understanding of the required parameters for FLIM data analysis is helpful in interpreting results appropriately because the fluorescence lifetime is sensitive to microenvironmental changes, such as calcium ion concentrations, protein-protein interactions, cancer or AD-related diagnostic parameters. Below we explain the importance of calibrating a FLIM system before using the biological specimen. The explanation provided below is applicable to any FLIM system, either commercially available or custom built.
TCSPC FLIM data acquisition and analysis. TCSPC 67 is the commonly used TD FLIM method. In TCSPC FLIM, the measured data at each pixel, called a decay trace, is composed of photon counts in different time windows relative to the excitation pulse, and can thus be directly plotted over time (nanosecond scale in our case). A measured decay trace is the convolution form of the intrinsic fluorescence decay (see equation (1)) and the instrument response • function (IRF) of the FLIM system. Therefore, an iterative deconvolution algorithm is often used to estimate the lifetime information from the measured data, given a measured or estimated IRF and the choice of exponential model. The criterion for determining the optimal lifetime values is usually based on weighted least-squares numerical approach, in which a fitting curve, generated using the estimated lifetimes and pre-exponential factors, is compared with the measured data.
Measurement of the IRF of the TCSPC FLIM system. Recording the IRF of a TCSPC FLIM system is essential to improve the temporal resolution of the data analysis. The IRF can be estimated from acquired decay data. However, it is preferable to directly measure the IRF experimentally. Generally, an IRF can be measured by recording either the scattered excitation light or the decay of a fast reference dye such as rose Bengal in phosphate buffer, pH 7.4 (lifetime = ~70 ps) 68 . In the first method, for visible light excitation, a strongly scattering specimen such as non-dairy coffee creamer is conventionally used to record the IRF 69 ; for infrared light excitation, the IRF can be measured using a sample (such as urea crystal) that yields second-harmonic generation (SHG) signals 70 . SHG is an ultrafast nonlinear process that delivers a signal at one-half of the excitation wavelength. For IRF measurements, it is important to apply the same optics and TCPSC settings used for experimental samples, as the IRF may vary depending on the optical configuration, such as the objective lens. More importantly, the IRF of the TCSPC FLIM system should be periodically checked, as it can change by reflections in the optical path, by poor mode locking of the multiphoton laser or by changing the electronic components such as setting up of constant fraction discriminator and detector parameters.
FD FLIM data acquisition and analysis. In FD FLIM, the measured data at each pixel is usually composed of phase delays (Φ) and amplitude modulation ratios (m), measured at different modulation frequencies (ω). The phase delays increase from 0 to 90 degrees and the modulation ratios decrease from 1 to 0, from low to high frequencies. The lifetime of a single fluorescence species (a monoexponential case) can be directly calculated from either the phase delays by equation (4) (termed as phase lifetime-τ Φ ) or the modulation ratio by equation (5) (termed as modulation lifetime-τ m ), measured at a single frequency. A difference between τ Φ and τ m is an indication that the data does not follow a monoexponential time course. For a multiexponential case, the measured phase delays and modulation ratios can be fitted using an exponential model to estimate the lifetime information based on a weighted least-squares numerical approach. (5) semicircle will have only one lifetime component. Conversely, a distribution of points that fall inside the semicircle are likely to have multiple lifetime components.
Calibration of the FLIM systems with reference fluorophores of known lifetime. Prior to any scientific investigation, the FLIM system has to be calibrated with known lifetime fluorescent standards. It is better to select a fluorescence lifetime standard that can be imaged with the same imaging setup used for biological samples. For example, here we use a cyan fluorescent protein-the monomeric Cerulean 71 -as the donor fluorophore; it has a peak absorption wavelength of ~433 nm and a peak emission wavelength of ~475 nm. The fluorescence lifetime of Cerulean in living cells is ~3 ns 61, 71 . We used Coumarin 6 dissolved in ethanol (peak excitation and emission wavelengths: 460 nm and 505 nm), with a reference lifetime of ~2.5 ns (http://www.iss.com/resources/reference/data_ tables/LifetimeDataFluorophores.html) as a reference to calibrate both our TCSPC and FD FLIM systems, as it allows us to apply the same FLIM setups for our biological specimens. We recommend that the calibration be done every day before the experiment. In FD FLIM, a reference fluorophore of known lifetime is used to establish the excitation profile, and it is essential to input the reference lifetime value into the system software to estimate the lifetime values from experimental data. Besides Coumarin 6 in ethanol, we also used HPTS (8-hydroxypyrene-1,3,6-trisulfonic acid, trisodium salt) dissolved in phosphate buffer pH 7.5 (peak excitation and emission wavelengths: 454 and 511 nm) with an expected lifetime of ~5.3 ns 72 for calibrating our FD FLIM system.
Verification of the FLIM-FRET approach using a FRET-standard genetic construct. Generally, for FRET imaging, it is desirable to use FRET reference standards, in addition to positive and negative controls, to verify the veracity of the FRET results. To this end, a comparative method to determine the accuracy of FRET measurements was developed by the Vogel laboratory (NIH/NIAAA) 61, 73 . The approach uses 'standards' in the form of genetic constructs encoding fusions between donor and acceptor fluorescent proteins separated by defined amino acid linker sequences. A genetic construct was generated by encoding Cerulean 71 and Venus 74 , directly coupled through the amino acid (aa) linker sequence SGLRS. The expression of the Cerulean-5aa-Venus (C5V) construct results in approximately 43 ± 2% FRET efficiencies 61 . The Cerulean-5aa-Amber (C5A) construct (also designed by the Vogel Laboratory) is used as the donor-alone control. Amber is a nonfluorescent form of Venus, in which a tyrosine was changed to cysteine, thereby producing a protein that folds correctly but that does not function as a FRET acceptor 61 . The C5A protein recapitulates the local environment of the Cerulean donor fluorophore in the C5V FRET standard without the quenching that results from energy transfer. Compared with the C5V construct (positive control), the CTV construct (negative control), in which Cerulean and Venus are separated by a 229-aa linker encoding the TRAF domain, typically provides less than 10% FRET efficiencies 73 .
FLIM-FRET to detect dimerization of C/EBPa
The biological model used here is the basic region leucine zipper (bZip) domain of the C/EBPα transcription factor. The bZip family proteins form obligate dimers through their Leu-zipper domains, which positions the basic region residues for binding to specific DNA elements. Immunocytochemical staining of differentiated mouse adipocyte cells showed that the endogenous C/EBPα protein was preferentially bound to satellite DNA-repeat sequences located in regions of centromeric heterochromatin 75 . When the C/EBPα-bZip domain is expressed as a fusion to the fluorescent proteins (e.g., Cerulean and Venus used here) in cells of mouse origin (such as the pituitary GHFT1 cells used here), it is localized to the well-defined regions of centromeric heterochromatin in the cell nucleus 45, 76 . The obligate dimer bound to well-defined structures in the cell nucleus is an ideal tool to test detection of FLIM-FRET. EQUIPMENT SETUP TCSPC FLIM system The major components required for TCSPC-FLIM are TCSPC boards, a computer, a wide-field or a confocal scanning microscopy unit, a pulsed light source (one-or two-photon), a reference photodiode and a high-sensitivity FLIM detector (PMT or APD). The repetition rate and the pulse width of the pulsed laser should be determined depending on the lifetime values to be measured. For example, the measurement of lifetimes less than 10 ns requires an 80 MHz repletion rate and a pulse width of <150 femtoseconds (fs). It is important to note that the methodology given below using a two-photon excitation laser is the same as that using a one-photon excitation light source. The main difference will be the samples used for measuring IRF (see EXPERIMENTAL DESIGN).
MaterIals
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The setup of our TCSPC FLIM system is illustrated in Figure 1 , and more detail is available in the literature 20 . The excitation source is a 10 W Verdi pumped, tunable (700-1,000 nm) mode-locked ultrafast (repetition rate = 78 MHz) pulsed (pulse width < 150 fs) laser, which is coupled to the laser port of a Bio-Rad Radiance 2100 confocal/multiphoton imaging system. The Bio-Rad system is attached to a Nikon TE300 microscope and controlled by the LaserSharp 2000 software. A specific dichroic mirror (670UVDCLP) equipped on the Bio-Rad system was selected to transmit the multiphoton laser (670-1,000 nm) to scan the specimens through a Nikon ×60/1.2 NA water-immersion objective lens. The photons emitted from the specimens were then reflected by the dichroic mirror to an external fast PMT detector with a response time of ~150 ps. A 480/40-nm band-pass emission filter was placed before the detector. The BH SPC-150 module board is used to allow pixel-by-pixel registration of the accumulated photons. Both the TCSPC FLIM module and PMT detector are controlled by BH SPCM software. A fluorescence decay histogram of photons at different emission times relative to the laser excitation pulse is generated from the distribution of interpulse intervals at each pixel of an image. The recorded decay data are analyzed by the BH SPCImage software to extract lifetime information. The SPCImage software allows users to specify up to three exponential components for fitting, calculates the standard weighted least squares (χ 2 ) as a quantitative measurement of the fitting significance, and then plots the fitted curve versus the measured decay trace as well as the corresponding residuals for visually assessing the fit. All TCSPC FLIM measurements were carried out at 22 ± 1 °C in a dark room and with a custom-built steel chamber that is used to hold a cover slip containing the specimens. Measurement of the IRF of the TCSPC FLIM system The IRF of the TCSPC FLIM system was measured by recording the SHG signals from urea crystal (see EXPERIMENTAL DESIGN). We used the 940-nm excitation wavelength and recorded the SHG signals (at 470 nm) with the 480/40-nm emission filter. Although the excitation wavelength (940 nm) used for measuring the IRF is different from that (820 nm) applied to image our biological specimens, the IRF is not influenced by using different excitation wavelengths in our case 43 . This is because the pulse width of the multiphoton laser ( <150 fs) is much shorter than the time response of the FLIM detector (~150 ps), which is the main determinant of the full width at half maximum of the IRF. FD FLIM system The major components required for the FD FLIM system are a light source (continuous wave or pulsed), a modulator, a high quantum efficiency detector (PMT, APD or CCD camera), a computer, a demodulator of the detector or digital image processor and a wide-field or a confocal scanning microscopy unit. In general, the frequency of the modulation of the light source is selected depending on the measurement of the lifetime range. For example, the modulation frequency for measuring microsecond lifetimes should be kHz, and for nanosecond lifetimes the MHz frequency should be used.
The basic principles of a FD FLIM method and our FD FLIM system are illustrated in Figure 2 . The ISS ALBA system used in this study uses the digital FD technique marketed as FastFLIM (see INTRODUCTION), which uses a pulsed laser as the excitation source and simultaneously measures phase delays and modulation ratios at multiple frequencies. The ISS ALBA FastFLIM system is coupled to an Olympus IX71 microscope equipped with an Olympus ×60/1.2 NA water-immersion objective lens. A 5-mW, 440-nm pulsed diode laser with a pulse width of 8 ns is modulated by the FastFLIM module of the ALBA system at the fundamental frequency of 20 MHz with up to six sinusoidal harmonics. The modulated laser is coupled to the ALBA scanning system that is controlled by ISS VistaVision software. Signals emitted from the specimens were routed by a beam splitter through either a 530/43-nm or 480/40-nm band-pass emission filter, and then detected using Figure 1 | TCSPC FLIM setup. TCSPC FLIM requires a pulsed excitation source. In our system, a multiphoton laser (repetition rate = 78 MHz, T = 12.82 ns, pulse width < 150 fs) is used. The pulsed laser is coupled to the Bio-Rad Radiance 2100 scanning system that is attached to a Nikon TE300 microscope. Thus, spatial information of a specimen is obtained by an XY raster scanning mechanism, and is also available in Z for optical sections. Photons emitted from the specimen pass through the emission (EM) filter and are detected by a fast detector (timing jitter: 25-300 ps). A photomultiplier tube (PMT) with a response time of ~150 ps is placed in the side port of the microscope (nondescanned detection) and is connected to the TCSPC device. The TCSPC device contains PC plug-in boards (commercially available) that function as the time-to-amplitude converter, time-to-digital converter, discriminator and multichannel analyzer. The TCSPC device synchronizes the detector to the excitation pulse and records the arrival time and spatial information for the detected photons. A reference (REF) signal is acquired from a glass cover slip (GC) reflecting 4% of the excitation light, and this reference beam (RB) is passed to a photodiode (PD) that is connected to the TCSPC device. Given a time period (a few seconds or minutes) of accumulating emitted photons for thousands or millions of excitation pulses, a 'photon counts' histogram is built for each pixel of an image. The fluorescence lifetime at each pixel can be estimated by fitting the corresponding photon counts (decay) data into a single-or multiexponential model. two identical APDs. The phase delays and modulation ratios of the emission relative to the excitation were measured at five modulation frequencies (20, 40, 60, 80 , 100 MHz) for each pixel of an image. The excitation profile is obtained at the beginning of an experiment using calibration with a standard fluorophore of known lifetime (in our case, Coumarin 6 in ethanol). The measured phase delays and modulation ratios are analyzed by the VistaVision software to extract the lifetime information. The VistaVision software provides both the fitting and phasor plot approaches for data analysis; allows users to specify the number of exponential components for fitting; calculates the standard weighted least squares (χ 2 ) as a quantitative measurement of the fitting significance; and plots the fitted curve versus the measured data as well as the corresponding residuals for visually assessing the fit. We carried out all the FD FLIM measurements at 22 ± 1 °C in a dark room, using a commercial chambered cover glass to hold our specimens. proceDure cell transfection • tIMInG ~20 h 1| Transfect cells using option A (TCSPC FLIM measurements) or B (FD FLIM measurements). In the examples described here for both methods, the individual plasmid vectors (C5A, C5V, Cerulean-bZip, Venus-bZip, see REAGENT SETUP) and the vector combination (Cerulean-bZip + Venus-bZip in the ratio of 1 to 4) were used for transfecting GHFT1 cells on either cover slips (option A) or cover glass chambers (option B). In addition, untransfected cells are used for checking autofluorescence detected from the cells under the same conditions used for FLIM imaging (see Step 4) . chambered cover glass (we used this option). Allow cells to attach to the cover glass for ~20 m at room temperature. (viii) Gently flood the culture dish with medium and place in an incubator (37 °C and 5% CO 2 ) for 18 h prior to imaging. turn on the FlIM system • tIMInG ~0.5 h 2| Turn on the system according to the manufacturer's instructions. Activate the laser line to be used and select the optical configuration from the system software, e.g., the dichroic mirror, the beam splitter, the emission filters and so on. We performed TCSPC FLIM measurements with the multiphoton laser tuned to 820 nm and one detecting channel (480/40 nm). We carried out FD FLIM measurements with a pulsed-diode 440-nm laser and two detecting channels (the donor channel -480/40 nm and the acceptor channel -540/43 nm) (see EQUIPMENT SETUP).  crItIcal step Leave the laser on (i.e., warm up the laser) for ~30 min before imaging. establish the excitation power • tIMInG ~0.5 h 3| Evaluate the observed photobleaching. At a particular excitation power level, take time-lapse (2-3 min) images of representative donor-alone cells (e.g., in our case, cells that only express Cerulean-bZip) and monitor the intensity changes in selected regions of interest (ROI) in the cells over time (see Fig. 3 ).  crItIcal step It is important to establish a suitable excitation power level that produces optimal signals but that does not result in marked photobleaching, as this will affect the accuracy of fluorescence lifetime results (see Fig. 3 and ref. 79) .  crItIcal step Photobleaching can be also indicated during FLIM data acquisition, when the rate of photon counts decreases continuously. This rate is usually given by the constant fraction discriminator level of a TCSPC FLIM system, and it is also directly shown by the software in our FD FLIM system. One should avoid using an excitation power level that yields more than ~20% intensity decrease over the timeframe of the experiment. In our TCSPC FLIM measurements, the average excitation power level of the multiphoton laser (tuned to 820 nm) was measured to be ~1.2 mW at the specimen plane. In our FD FLIM measurements, the average excitation power level of the pulsed diode 440 nm laser was measured to be 0.07 mW at the specimen plane. ? trouBlesHootInG check for autofluorescence • tIMInG ~0.5 h 4| Measure the autofluorescence background from untransfected cells at the excitation wavelength to be used (in our case, 820 nm in TCSPC FLIM and 440 nm in FD FLIM), and at the suitable excitation power level established in Step 3. We detected no noticeable autofluorescence signals in both our TCSPC and FD FLIM measurements.  crItIcal step Autofluorescence only needs to be checked the first time a specific experiment is performed; Step 4 does not need to be repeated in subsequent experiments. ? trouBlesHootInG check for back bleedthrough in a Fret study • tIMInG ~0.5 h 5| Excite cells transfected with only the acceptor fluorophores (Venus-bZip, in our case) at the donor fluorophores excitation wavelength (820 nm in TCSPC FLIM and 440 nm in FD FLIM). Use the excitation power levels established in Step 3 to determine whether there are any bleedthrough signals to the donor channel (480/40 nm in our case). No noticeable back bleedthrough signals were observed for both our TCSPC and FD FLIM measurements.  crItIcal step Bleedthrough only needs to be checked the first time a specific experiment is performed; Step 5 does not need to be repeated in subsequent experiments. ? trouBlesHootInG calibrate the FlIM system • tIMInG ~1 h 6| Calibrate the TCSPC FLIM system as described in option A. Option B should be used to calibrate the FD FLIM system. (a) calibrating the tcspc FlIM system (i) Measure the IRF of the TCSPC FLIM system equipped with a multiphoton laser: tune the multiphoton laser to an appropriate excitation wavelength (940 nm, in our case) and detect the emission signal at half of the excitation wavelength using the corresponding emission filter (480/40 nm, in our case); scan the urea crystal slide with the same optics and TCSPC settings used for imaging the biological specimens to record the SHG signals (we used the regular FLIM data acquisition mode of the BH SPCM software, but the 'Single' mode in the SPCM software is also suitable). Save the acquired IRF data.  crItIcal step As the SHG signals are usually very strong, a low excitation power needs to be used to achieve a reasonable photon count rate and avoid the pile-up effect (see Chapter 4 in ref. 1).
? trouBlesHootInG (ii) Measure the fluorescence lifetime standard: add the reference fluorophore solution (in our case Coumarin 6 in Ethanol)
to the chamber and focus at the brightest plane, which is the surface between the cover glass and the solution; thereafter, move the focus slightly into the solution to avoid light scattering that occurs at the surface; scan the current field to acquire a TCSPC FLIM data set. Save the acquired data set. Acquire a couple more data sets (three, in our case) in different fields of the solution.
? trouBlesHootInG (iii) Analyze the data acquired from the fluorescence lifetime standard. Data analysis will vary depending on the software used. The basic procedures for analyzing our TCSPC FLIM data using the BH SPCImage software and the measured IRF are described in Box 1. The exponential fitting model is chosen according to the reference lifetime standard. We used the monoexponential model to analyze the Coumarin 6 data with the measured IRF obtained as explained in
Step 6A(i) (see Fig. 4 ). We also suggest processing the lifetime-standard data with the estimated IRF. In the SPCImage software, the estimated IRF is generated by clicking on 'System Response' under the 'Calculate' menu. In our case, the lifetime of Coumarin 6 obtained with the measured IRF (~2.58 ns) is slightly closer to the reference value (2.5 ns) than that obtained with the estimated IRF (~2.65 ns).
? trouBlesHootInG (B) calibrating the FD FlIM system (i) Add the lifetime-standard solution (Coumarin 6 in ethanol, in our case) into a glass chamber. Focus at a plane slightly above the surface between the glass and the solution. Input the lifetime value of the standard (2.5 ns, in our case) into the software (in our case, through the calibration window of the ISS VistaVision software) and then run the calibration for 10 s. (ii) In the software data acquisition mode, scan the current field of the standard solution to acquire the data until the maximum number of counts per pixel in the donor channel (480/40 nm) reaches more than 100. Save the acquired data set (an ' .ifli' file, in our case).
? trouBlesHootInG (iii) Display the Coumarin 6 data acquired in the 480/40-nm channel in the phasor plot. In the ISS VistaVision software, we typically apply a smooth function with the 'Smooth' value of 2, which applies a Gaussian filter to average noisy pixels in the phasor plot. For the fluorescence lifetime standard that is expected to have a monoexponential decay (e.g., Coumarin 6 in ethanol), the center of the distribution of the measured data points should fall on the semicircle of the phasor plot (see Fig. 5 ). Draw a circle covering the points displayed on the phasor plot to measure the mean phase lifetime τ Φ (see equation (4)) and the mean modulation lifetime τ m (see equation (5)). The equal phase lifetime and modulation lifetime will provide additional proof that the decay is monoexponential. Run a single exponential fitting on a selected ROI of the image to verify that the lifetime value obtained from the fitting is close to the reference lifetime value.
? trouBlesHootInG (iv) Repeat Steps 7B(ii) and 7B(iii) to acquire more data sets (two, in our case) in different fields of the Coumarin 6 solution. (v) Add another standard solution (HPTS in phosphate buffer pH 7.5 in our case) into a different glass chamber. Focus at a plane slightly above the surface between the glass and the solution. Repeat the procedures described in
Step 7B(ii-iv) to acquire a few data sets (three, in our case) on different fields of the solution. Verify the measured lifetimes with the reference lifetime value. Here, the center of the distribution of the HPTS data points falls exactly on the semicircle of the phasor plot (see 
Specify the fitting model and parameters:
Lifetime constraints: The SPCImage software allows users to set the lifetime constraints, which are used to define a limited space (e.g., 0.1 to 5 ns) to search the lifetime values best fitted to the measured data, rather than using the entire space from zero to infinity. Click 'Model' under the 'Options' menu to specify the minimum and maximum lifetime values under 'Parameter Constraints', based on the expectation of the lifetime values to be resolved. Specifying the proper constraints based on prior knowledge of the expected lifetime values can help the fitting algorithm achieve a faster and more accurate convergence on correct results. However, one should always first try fitting with the default constraints given by the software. In our case, the minimum and maximum lifetime constraints were set to be 0.1 and 5 ns, respectively, as this range (0.1-5 ns) completely covers the expected Coumarin 6 (~2.5 ns) and Cerulean (1-4 ns) lifetime values. We also fitted our data using the default constraints (0.02-30 ns) given by the software and did not obtain any lifetime value beyond 5 ns. Fitting range: In the SPCImage software, the measured decay data points at one cursor location and the corresponding fitting curve are shown in the 'Decay Graph' panel with the time (0-10 ns in our case) as the horizontal axis and the number of photon counts as the vertical axis. It is usually better to fit the data points within a certain range of time channels of a decay trace than those of the whole decay trace. The starting and ending time channels for the fitting range are defined by 'T1' and 'T2', respectively, shown above the 'Decay Graph' panel. In our case, 'T1' is set as the time channel right after the rising point of a decay trace (~0.8 ns) and the default 'T2' given by the software (~8.5 ns) is used. Exponential model: The SPCImage software allows fitting with up to three components. Under the 'Multiexponential Decay' panel, specify the number of 'Components' (lifetime components described by equation (1)). Before determining the exponential model, one should always compare the single versus the double versus even the triple exponential fittings at number of representative cursor locations. The weighted least squares value (shown as 'χr 2 ' in the software) can be a good indicator for the evaluation of the fitting significance. It is important to note that the comparison is reproducible over many pixels. It should be noted that a robust fitting usually requires a certain number of photon counts, which would depend on the complexity of the fitting model (discussed below in Binning). For the other parameters in the 'Multiexponential Decay' panel such as 'Shift', 'Scatter' and 'Offset', we typically have them optimized by the fitting algorithm with the 'Fix' box unchecked. To evaluate how the value of a parameter affects fitting, one can check the 'Fix' box for the parameter and manually change the parameter value while leaving the other parameters to be optimized by the software. Binning: The binning option is selected if there are insufficient photon counts at each pixel. It is usually helpful to group neighbored pixels together into one decay trace to achieve enough photon counts for a robust fitting, although the spatial resolution will be sacrificed. This is often termed as binning. In the SPCImage software, the binning is applied by giving a proper 'Bin' value above the 'Decay Graph' panel. As a rule of thumb given in the SPCImage software manual, the peak photon count level along a decay trace (after binning) should at least reach 100, 1,000 and 10,000 for a single, double and triple exponential fitting, respectively. Threshold: The SPCImage software allows users to set a threshold (labeled as 'Thld' above the 'Decay Graph' panel) for the peak photon count level of a decay trace, based on which of the pixels not having enough photon counts (after binning) will not be fitted. For some biological applications, setting a proper threshold can help segment the ROIs out of the whole image. Note: All above fitting options (once defined) can be saved by clicking 'Store' under the 'Conditions' menu and then be reapplied to process another data set by clicking 'Load' under the 'Conditions' menu. 5. Run fitting on the whole image or a selected ROI on the image: In the SPCImage software, fitting will be only be applied to the pixels within the square region defined by the two cursors shown on the lower left and upper right corners of the image. By default, the region covers the whole image, but this region can be changed by moving the two cursors. Clicking 'Decay Matrix' under the 'Calculate' menu will run fitting on the defined region. 6. Plot the lifetime distributions, record the statistics and save the analyzed data: After fitting, the SPCImage software by default will show a color-coded lifetime image. The color indicates the lifetime value, e.g., red (shorter lifetime) to green to blue (longer lifetime). The lifetime distribution for each component can be plotted given the 'Coding of Value' by clicking 'Color' under the 'Options' menu. For example, when a biexponential fitting model ('Components' = 2) is applied, selecting 't1' or 't2' as the 'Coding of Value' will display the distribution for the shorter or the longer lifetime components, respectively, and choosing 'tm' will show the distribution of the average (or apparent) lifetime (τa defined by equation (2)). At selected ROIs, record the mean values for the weighted least squares (labeled as 'Chi', the apparent lifetime ('tm'), each lifetime component ('t1', 't2', 't3') and its associated pre-exponential factor ('a1', 'a2', 'a3'). Finally, remember to save the analyzed data (an ' .img' file, in our case).
(ii) Repeat Step 7A(i) with the cover slip of cells expressing both the donor and the acceptor of the FRET standard (C5V, in our case). (a) Measuring Fret of the biological system using the tcspc FlIM system (i) Place the cover slip with cells that only express the donor of the biological system (Cerulean-bZip in our case) into the chamber. It should be noted that temperature and CO 2 control may be required in some biological systems under investigation. Use the optimal excitation power level established in Step 3 to acquire the FLIM data sets for a number of cells (ten, in our case). About 1,000-2,000 counts per pixel should be accumulated. In our case, it took ~90-180 s to acquire one data set. (ii) Repeat Step 8A(i) with the cover slip of cells coexpressing the donor (Cerulean-bZip) and the acceptor (Venus-bZip, in our case) of the biological system. It is important to recognize that, unlike the FRET standard protein (C5V) in which the donor and the acceptor are directly linked and always at a 1:1 ratio, the Cerulean-bZip and Venus-bZip proteins are independently expressed. This means that every transfected cell will have a different donor-to-acceptor ratio. (a) The representative Coumarin 6, C5A (donor-alone control) and C5V (FRET standard) raw decay data and corresponding fitting curves are shown. Fittings were carried out using the measured instrument response function (IRF) with a full width at half maximum of ~300 ps. The fluorescent lifetime decay kinetics for Cerulean in the C5A and C5V constructs was determined through the comparisons of fitting the decay data into both single-and double-exponential decay models. There was little difference observed between the single-and double-exponential fits of the C5A decay data, confirmed by the calculated χ In our case, the monoexponential model was applied to fit the C5A data, as the fitting was not obviously improved by adding one more exponent (Box 1 and Fig. 4) . A threshold of 20 was used to separate the pixels in cells (to be fitted) from the background pixels (Box 1). Summarize the statistics for all analyzed C5A data sets. It is important that the results be reproducible across different cells. (ii) Follow the steps described in Box 1 to analyze the C5V data sets. In our case, the biexponential model was used to fit the C5V data, because of a significant improvement of the fitting compared with using one exponential component (see Fig. 4 ). However, no improvement was observed for the fitting with three exponents (data not shown). Summarize the statistics for all analyzed C5V data sets. (iii) Use the mean of the Cerulean lifetimes determined from all C5A cells as τ D and the mean of the apparent lifetimes of Cerulean in a ROI of a C5V cell as the τ DA to calculate energy transfer efficiency (E) for the ROI of the C5V cell based on equation (3) . Summarize the statistics for all selected ROIs. (iv) Follow the steps described in Box 1 and the logics described in Step 9A(i-iii) to analyze the data sets acquired from the cells that only express the donor (Cerulean-bZip in our case), and the cells expressing both the donor (Cerulean-bZip) and the acceptor (Venus-bZip in our case). Here, the Cerulean-bZip data were well fitted with a monoexponential model and the 'Cerulean-bZip + Venus-bZip' data were fitted better with a biexponential model (see Fig. 6 ). In many cases, lifetimes are only interesting in specific cellular compartments. It is critical to measure the lifetimes at the same cellular compartments for both donor-alone control cells and cells containing both donor and acceptor. Here, we applied a threshold to the expression level of a cell to ensure fitting only of the pixels in regions of centromeric heterochromatin in the cell nuclei (see Fig. 6 and
ANITCIPATED RESULTS). (B) analyze the FD FlIM-Fret data
(i) Follow the procedures described in Step 6B(iii) to analyze the C5A and C5V data sets. Here, a 'Threshold' value in the ISS VistaVision software was used to exclude the background pixels. We fitted the C5A data with a monoexponential model to estimate its lifetime, because the distribution of the data points centers on the semicircle of the phasor plot (Fig. 5) . However, most of the C5V data points fall inside the semicircle of the phasor plot (Fig. 5) , indicating a For the data acquired from the cells coexpressing the Cerulean-bZip and Venus-bZip constructs, the double-exponential fitting yielded the best results, and for each selected ROI, we measured the apparent lifetime as the quenched Cerulean lifetime (τ DA ) for E calculation, and also the ratio between the intensities obtained in the acceptor channel versus the donor channel. By using all the ROIs selected from many cells coexpressing donor and acceptor, we investigated how the apparent lifetimes and Es are dependent on the estimated acceptor-to-donor ratios (see Fig. 7 and ANTICIPATED RESULTS). (3). To investigate how the quenched C-bZip lifetimes were influenced by the acceptor-to-donor ratio, we roughly determined the ratio using the intensities obtained in the acceptor and donor channels for each ROI. With all 80 ROIs, the lifetime (blue dots with a dark blue trend line: R = 0.35) or E (red triangles with a dark red trend line: R = 0.19) shows a negative or positive dependency on the acceptor-to-donor ratio, respectively (scale bar, 10 µm). • tIMInG
Step 1, Cell transfection: ~20 h, including ~18 h of incubation before imaging
Step 2, Turn on the system and select the optical configuration: ~0.5 h
Step 3, Establish the suitable excitation power: ~0.5 h
Step 4, Check for autofluorescence: ~0.5 h, once per experiment (need not be repated for each experiment for a particular assay)
Step 5, Check for back bleedthrough in a FRET study: ~0.5 h, once per experiment (need not be repeated for each experiment for a particular assay)
Step 6, Calibrate the FLIM system: ~1 h
Step 7, Measure the FRET of the FRET standard construct: 1.5-2 h (only needs to be verified once for a particular system configuration)
Step 8, Measure the FRET of the biological system: 1.5-2 h, depending on the number of FLIM data sets to be acquired, the expression level of the biological system and the photon collection efficiency and the configuration of the FLIM system
Step 9, Analyze the FLIM-FRET data: 2-3 h, depending on the number of FLIM data set to be analyzed and the degree of the analysis antIcIpateD results Photobleaching should be minimized for FLIM data acquisition. In Figure 3c , the fluorescence lifetime results obtained with minimal versus substantial photobleaching are compared, showing that significant photobleaching can result in inaccurate fluorescence lifetime results. When fitting is used in FLIM data analysis, a robust fitting routine needs to be established for a particular data processing model and the reproducibility of data is critical (see INTRODUCTION). For example, it is shown in both Figures 4a and 5b that fitting the C5V data on the basis a monoexponential model will yield incorrect results. In general, standard fluorophores of known lifetimes should be used to calibrate or adjust the FLIM system parameters before imaging any biological specimens. With a standard fluorophore that is expected to have a monoexponential decay, the measured lifetime should be close to the reference lifetime value. A small difference can be caused by different accuracies of the FLIM systems and also by different imaging environments (for example, different ambient temperature). However, the lifetime standard needs to be carefully prepared according to the reference.
Before studying the protein-protein interactions of a biological system in FLIM-FRET, the FRET standard approach should be initially used to evaluate the FLIM system. The C5A and C5V lifetimes measured by different FLIM systems may vary depending on the expressed cellular environment, their folding properties, accuracy of the FLIM system and so on, and thus may result in different energy transfer efficiencies (Es). However, the lifetimes of C5A or C5V expressed in a consistent cellular environment should have a Gaussian distribution with a small variance (see Figs. 4b and 5a) . For example, in our A FLIM system should be located away from the magnetic field or any instruments that operate on the basis of magnetic fields (e.g., NMR); magnetic fields will damage the lifetime detector. Magnetic field interference can be avoided by putting a wire mesh around the whole system or the detector
The FLIM system should be ideally placed on an antivibration table on a ground floor or basement. High-level vibration isolation is required if the system is installed above the ground floor of the building
The room temperature should not vary by more than ±2 °C System calibration should be repeated every couple of hours to identify whether the FLIM system only remains consistent for a certain period of time TCSPC FLIM measurements, the lifetimes of C5A (from ten cells) have a mean value of 2.75 ns (τ D ) with a standard deviation of 0.08 ns (χ 2 = 1.08 ± 0.07), and the apparent lifetimes of C5V (from ten cells) have a mean value of 1.66 ns (τ DA ) with a standard deviation of 0.05 ns (χ 2 = 1.06 ± 0.02), resulting in an average E of 39.6% with a standard deviation of 3%. One would expect a monoexponential decay for C5V, as Cerulean and Venus are linked in a rigid way. However, FRET requires not only a close distance between donor and acceptor, but also a favorable orientation between the dipoles of the donor emission and the acceptor absorption, which may not be satisfied for all C5V constructs. Another cause might be that the linking peptide chain is flexible, whereas donor and acceptor fluorophores are not separated by a single distance rather than by multiple proximity. Moreover, occasional incomplete synthesis or protein misfolding cannot be ruled out. To assess the sensitivity of a FLIM system for a FRET study, it is suggested to measure a series of 'FRET standard' constructs, e.g., C5V, C17V, C32V and CTV. For C17V and C32V, Cerulean (C) and Venus (V) are tethered by either a 17-or 32-aa linker 61 . These FRET standard constructs were clearly distinguished in our earlier TCSPC and DFD FLIM-FRET measurements 80 , and also by others 61, 73 . The bZip region of C/EBPα binds as an obligate dimer to α-satellite repeat sequences in regions of heterochromatin, which are especially prominent in mouse cells (see Figs. 6 and 7) . Here, FLIM-FRET was used to measure dimerization of the Cerulean (FRET donor)-and Venus (FRET acceptor)-tagged C/EBPα-bZip domains in the nuclei of mouse pituitary GHFT1 cells. Because the donor-and acceptor-tagged fusion proteins were expressed independently, each cell that was imaged had a slightly different acceptor-to-donor ratio, and this affected E. For TCSPC FLIM-FRET, the average unquenched Cerulean lifetime obtained from measuring 10 cells only expressing Cerulean-bZip was 2.75 ns. The quenched Cerulean-B-ZIP lifetimes measured from 10 cells coexpressing Cerulean-bZip and Venus-bZip ranged from 2.0 to 2.6 ns. In FD FLIM-FRET, for each of 80 ROIs selected from ten doubly expressed cells, we estimated the quenched donor lifetime, calculated the E and roughly determined the acceptor-to-donor ratio. Plotting the quenched donor lifetimes (or the Es) versus the acceptor-to-donor ratios for all 80 ROIs indicates a negative (or positive) dependency of the quenched donor lifetime (or the E) on the acceptor-to-donor ratio (see Fig. 7 ), as expected for the C/EBPα dimerization model.
Note: Supplementary information is available via the HTML version of this article.
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